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Summary

NASA Lewis is currently engaged in a research effort as a team member of the
High Alpha Technology Program (HATP) within NASA. This program utilizes
a specially equipped F/A-18A, the High Alpha Research Vehicle (HARV), in an
ambitious effort to improve the maneuverability of high-performance military
aircraft at low-subsonic-speed, high angle-of-attack conditions. The overall ob-
jective of the Lewis effort is to develop inlet technology that will ensure efficient
airflow delivery to the engine during these maneuvers. One part of the Lewis
approach utilizes computational fluid dynamics codes to predict the installed

performance of inlets for these highly maneuverable aircraft.

Wind tunnel tests were a major component of the Lewis program. Since
the available wind tunnel was small (9 x 15 ft) as compared to the scale of the
model of the F/A-18A (19.78%), there were questions about the capability to
obtain useful inlet performance data. The blockage effects were expected to be
very large. This report represents the results of an analysis to determine how

the wind tunnel walls affect inlet performance at several angles-of-attack.

The predictions for the external particle traces along the fuselage indicate
the influence of the wind tunnel side wall under the model is greater at 30°
angle-of-attack than at 50° angle-of-attack on the under Leading Edge Exten-
sion (LEX) vortex trajectory. The side wall above the model appears to have

negligible influence on the under LEX vortex. This may be due to the LEX

1



acting as “shield” to the upper wall éffects. As expected, the wind tunnel has a
significant influence on the external forces. The lift and drag coefficients increase
significantly for the wind tunnel model as compared to free stream conditions.
The wind tunnel had a small effect on the inlet recovery and on inlet total
pressure distortion patterns. The predicted recoveries for the wind tunnel model

are within one percentage point of the model recoveries in free stream conditions.



1.0 Introduction

NASA Lewis is currently engaged in a research effort as a team member of the
High Alpha Technology Program (HATP) within NASA. This program utilizes
a specially equipped F/A-18A, the High Alpha Research Vehicle (HARV), in
an ambitious effort to improve the maneuverability of high-performance mili-
tary aircraft at low-subsonic-speed, high angle-of-attack conditions. The overall
objective of the Lewis effort is to develop inlet technology that will ensure ef-
ficient airflow delivery to the engine during these maneuvers. One part of the
Lewis approach uses computational fluid dynamics codes to predict the installed

performance of inlets for these highly maneuverable aircraft.

One of the goals of the (HATP) is to predict accurately the aerodynamics
of aircraft operating at extreme attitudes (a=60°, f= 10°). As part of this
program, NASA Ames-Dryden, Ames-Moffett and Langley are concentrating on
external aerodynamics, including thrust vectoring control systems and vortex
flow control. NASA Lewis is studying the effects of high angle-of-attack and
yaw flight conditions on flow within the F/A-18A inlet duct. Details of this

cooperative program are contained in Ref. 1.

The F/A-18A aircraft has experienced engine stalls at high angles-of-attack
and yaw flight conditions that were outside of the flight envelope. At these
flight conditions, high angular rates were also present. Future fighter aircraft
will be designed to operate routinely in this flight regime. Therefore, essential
understanding of the inlet flow field at these flight conditions should be obtained.

Due to the complex interactions of the fuselage flow field and the inlet flow field,
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a study of the flow within the inlet rﬁust also include the external effects. Past
calculations of flow about the F/A-18A have not included the inlet and ramp
[Ref. 2,3]. These features are usually fared over and assumed not to influence
the external flow field significantly. However, the effects from the upstream
forebody, LEX and diverter must be included in order to provide the proper
inflow conditions to the inlet duct. The results of including the inlet and ramp
in the flow simulation are reported in Ref. 4. The solutions obtained in this
previous study were evaluated, and several short-comings were identified. This
resulted in obtaining a much more detailed and complete geometry data base of
the F/A-18A aircraft and inlet. In addition several areas of the computational
grid were revised to improve flow field and surface resolution. Although the grid
was refined, the total number of grid points used to model additional components
in the revised grid increased only approximately 10%. This was accomplished
by reducing the number of grid points in regions where the flow field did not
appear to have a significant impact on the inlet flow conditions. The results of

this study are reported in Reference 5.

A major concern in conducting the wind tunnel tests was the effects of
the wind tunnel wall on the inlet flow field due to blockage effects. The 9x15
wind tunnel [Ref. 6] is considered small for testing a 19.78% scale model of the
F/A-18A aircraft. Although the tunnel is too small for external flow testing, the
effects of the tunnel walls on the inlet performance was not known. Previously
cited references concerning the calculations of the F/A-18A inlet performance

had discrepancies with data reported in those references. However, the pre-
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dicted changes from free-steam performance due to wind tunnel walls should be
reasonably valid. Past experience has demonstrated that the calculations are
reliable for predicting flow changes due to geometric or upstream flow condi-
tion changes, though the absolute values of performance may not be accurate
[Ref. 4]. Therefore, this report presents the results of an analysis to determine
how the wind tunnel walls affect inlet performance by comparing free-stream
calculations to calculations obtained in the wind tunnel for 30° and 50° angle-
of-attack. For each angle-of-attack, two free-stream Mach numbers: 0.2 and
0.15, were employed. These conditions reflect those that would occur in the
tunnel.

This report has four sections: Section 2.0 covers the wind tunnel tests;
Section 3.0 discusses the numerical modeling; Section 4.0 the results and Section

5.0, major conclusions and recommendations.



2.0 Experimental Program

An experimental program to study the inlet duct flow was planned at Lewis.
The wind tunnel tests were canceled due to budgetary considerations and shifts
in program priorities. For completeness and future reference, an overview of the
test program is included. A 19.78% scale forebody/inlet model of the F JA-18A
aircraft would have been tested in the Lewis 9x15 wind tunnel. Details of the
airframe aft of the engine face plane were not included. Planned measurements
include steady and dynamic total pressure surveys at various stations within
the inlet, and a 40 probe total pressure rake at the compressor face, a flow
angle survey at the inlet entrance, surface static pressure measurements along
the forebody and inlet walls and laser light sheet flow visualization of the flow
ahead of the inlet. The effects of free stream Mach number, mass flow rate,

angle-of-attack and yaw would be investigated.



3.0 Numerical Modeling

This section presents: 1) the major features of the NPARC3D code including

boundary conditions; and 2) a brief discussion of the computational grid.
3.1 NPARC3D Code

The NPARC3D code, Version 1.0 [Ref. 7] solves the full three-dimensional
Reynolds averaged Navier-Stokes equations in strong conservation form using
the Beam and Warming approximate factorization scheme to obtain a block
tridiagonal system of equations. Pulliam’s scalar pentadiagonal transformation
provides an efficient solver. The code uses the Baldwin-Lomax turbulence model
[Ref. 8]. Specifically, the NASA Lewis version of this turbulence model does not
use the streamwise component of vorticity to determine the turbulent viscosity
[Ref. 9]. This approach improves the modeling of vortical flows in ducts. The
implicit scheme uses artificial dissipation to eliminate oscillations in the solu-
tion caused by the use of central differences. This code also uses multiple grid
blocks. Trilinear interpolation [Ref. 10] transfers information at the grid block

interfaces.
3.2 Grid Generation

Accurate modeling of the geometry and judicious clustering of grid points
are needed for a correct numerical solution and an economical computation. The
complex multi-block grid used for these calculations, which was very effective,

was created with the GRIDGEN Version 6.0 grid generation system [Ref. 12].

McDonnell-Douglas supplied the geometry database used for the grid:

z,y,z coordinate points given at axial cuts along the fuselage. The database
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defined the fuselage, LEX, wing, tail, ramp , LEX slot, diverter, inlet highlight

and the inlet. The geometry is shown in Figure 1.

Complex interactions between the fuselage flow field and the inlet flow field,
required the inclusion of the forebody, fuselage, LEX, ramp and wing in the grid.
The horizontal tail, vertical tail, aft fuselage and the nozzle were not modeled
because they have minimal effects on the inlet flow field. The wing leading edge
flap, which is deflected down 34° when the aircraft is at 30° angle-of-attack,
is included. An embedded c-grid about the inlet highlight is also included to
improve the resolution of flow gradients and surface geometry. A pair of vortex
generators which are positioned approximately halfway downstream in the inlet

were not modeled due to their small size.

Having discussed the components of the aircraft included in the computa-
tional model, details of the grid are presented. The overall grid block structure
is shown in Figure 2 for the free-stream model. The free stream model consists
of 23 blocks. The plane of symmetry and surface grids are shown in Figure 3.
The grid consists of approximately 1.2 million points. The forebody, underlex
and inlet duct grids were used to compute the viscous flow with a grid spacing
of y+ of approximately 1 off the surface. The grids above the LEX and along
the fuselage aft of the inlet were used to calculate inviscid flow and were much
coarser. The viscous effects were deemed significant for the inlet performance

calculations ahead of the inlet and under the LEX.

The overall block structure of the model in the 9x15 wind tunnel for 30° and

50° angle-of-attack are shown in Figures 4a and 4b, respectively. The grids for

8



these two cases are shown in Figures 5a and 5b. The wind tunnel was modeled for
inviscid flow without the slots that are present in the actual wind tunnel. This
approach to modeling the wind tunnel walls provides a worst-case scenario for
the wind tunnel blockage effects on the inlet performance. If the performance
is close to free stream predictions, including the slots will only improve the
calculations. They will not be necessary though, unless, significant differences
occur between the free stream performance predictions and the wind tunnel
simulations. Since the model is situated far downstream of the tunnel inlet,
we chose not to model the tunnel inlet section. Also, from previous free stream
calculations we knew that the downstream external flow boundaries do not affect
the aircraft inlet flow field significantly. The downstream tunnel diffuser was also
not included in the simulation. If the tunnel simulation of the inlet flow field
results differ significantly from the free stream results, these assumptions would

be reevaluated and additional tunnel modeling may be performed.
3.3 Boundary Conditions

Total conditions were specified at the wind tunnel test section entrance,
and static conditions were specified at the exit. The downstream static pressure
was adjusted to obtain the desired upstream Mach number. The wind tunnel
walls were modeled as solid, slip surfaces with no bleed, although the actual
walls contained slots. For the free stream calculations, farfield type boundary
conditions were imposed along the outer computational boundaries. This con-
dition uses a one-dimensional Riemann invariant to maintain the free-stream

flow conditions. Along the windward side of the airframe, no-slip, adiabatic
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conditions were specified. Along the leeward side of the aircraft, inviscid flow is’
specified. The static pressure at the inlet duct exit was adjusted to obtain the
equivalent experimental corrected mass flow rate: based upon total pressuré at
the engine face plane that was obtained from an average of 40 total pressures
in a configuration of 8 equally spaced legs, with 5 equal area total pressure lo-
cations per leg. Symmetry conditions were assumed along the centerline of the

aircraft. Trilinear interpolation transfers data between the grid blocks.
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4.0 Results
4.1 External Flow Field

In this section, the significant external flow features are discussed. The first
section discusses the general features of the vortical flows present along the
F/A-18A fuselage at high angles-of-attack. Details of the flow field near the
inlet entrance (along the ramp) are then examined to indicate the influence
of the wind tunnel walls on the near-inlet flow field. These flow features are
examined as a function of angle-of-attack and as a function of free-stream Mach
number. The angle-of-attack will influence the amount of blockage in the wind
tunnel. The free-steam Mach number affects the inlet capture streamtube area.
The examination of the flow field from the aircraft nose to the inlet entrance
reveals how influential the wind tunnel walls are on the local external flow as
one proceeds from the nose to the inlet. The graphical results in this report
were obtained from the PLOT3D code [Ref. 13]. The section concludes with a

discussion of static pressure distributions on the model and wind tunnel walls.

Flow Along Fuselage

At 30° angle-of-attack, a vortex forms under the LEX (see Figure 6). In
addition, another vortex forms along the aircraft’s leeward side originating at
the apex of the LEX-fuselage intersection. The windward vortex develops when
the flow impinges on the bottom of the LEX and moves down the fuselage until

it separates from the surface.

Having discussed the general three-dimensional features of the external flow,

the details of the surface flow along the fuselage are presented. Surface parti-
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cle traces for 36° angle-of-attack a.ré shown in Figure 7a. For Mach 0.2, both
traces indicate two sepa.ration lines. An examination of cross stream vector plots
indicate that: 1) a small secondary vortex embedded under the primary LEX
vortex and that 2) the circumferential grid resolution is not sufficient to resolve
the separation lines attributed to this secondary vortex. At this angle-of-attack,
the wind tunnel model appears to offer a straighter trajectory of the under-LEX
vortex traces than the free stream model. This may be caused by the side wall,

along the underside of the model, influencing the flow field.

For Mach 0.15, the traces for both cases indicate a single line of separation.
From another examination of the cross stream velocity vectors, the secondary
vortex disappears. This secondary vortex appears to be caused by a Reynolds
number related phenomena. The Mach 0.2 case shows that the wind tunnel

traces move upward toward the LEX more than the free stream case.

Figure 7b shifts from surface particles at 30° angle-of-attack to 50° angle-of-
attack. For the Mach 0.2 case, few differences develop between the free stream
and wind tunnel model traces. The side wall under the model is much farther
away than the 30° angle-of-attack case and appears to have very little influence
on the flow field under the LEX. Although the side wall above the LEX is very
close to the wind tunnel model, the LEX itself “shields” the under LEX flow
field from the wall and therefore has a negligible influence on the flow under the
LEX. For this angle-of-attack, only a single vortex is apparent under the LEX.
For Mach 0.15, the particle traces are very similar to those obtained at Mach

0.2.
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Flow Along Ramp

Figure 8a moves the focus from the fuselage surface to the ramp at 30°
angle-of-attack. For Mach 0.2, the free stream and tunnel model traces are very
similar, a result that holds for the Mach 0.15 case. The inlet flow appears to
dominate the external flow field along the ramp with negligible influence from

the wind tunnel.

Figure 8b, moves to 50° angle-of-attack, where striking similarities develop:
traces for the free stream and wind tunnel cases are very similar at all Mach
numbers and angles-of-attack. This similarity for significantly different angles-
of-attack supports the premise that the inlet flow is dominating the external

flow along the ramp.

Static Pressure Distributions on Model and Tunnel Walls

Another way of quantifying the wind tunnel wall effects on the external
flow field is to examine the change in surface static pressure distributions from
free stream conditions. Surface static pressure measurements from a flight test
were made at several fuselage locations [Ref. 14] as shown in Figure 9. A
previous fully turbulent numerical study [Ref. 4] indicated that the effects of
19.78% scale were negligible for this type of data and that full scale data could
be compared with these subscale results. Free stream data for 30° angle-of-
attack are compared to numerical results in Figure 10a. Data are not available
for 50° angle-of-attack. The free stream numerical results for the surface static
pressures along the forebody and LEX agree with the data [Ref. 14], as shown in

Figure 10a. The discrepancies between the numerical results and the data along
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the forebody may be due to the la.ckv of adequate grid resolution of the vortex-
'dominated region of the flow. Another source for the discrepancies may be
laminar-to-turbulent transitioning flow, which is present in the full scale vehicle
[Ref. 14] and not modeled in the calculations. Along the top side of the LEX
the agreement is poor due to lack of grid resolution and the use of the inviscid

flow approximation in this region (hence, no comparison).

The effects of the wind tunnel are shown in the 30° angle-of-attack results
shown in Figure 10a. At Mach 0.2, the wind tunnel model static pressure dis-
tributions indicate a more negative static pressure coefficient than in the free
stream computations. In Figures 10b, the wind tunnel model shows a similar
trend for Mach 0.15 results. A similar set of results is evident for 50° angle-
of-attack as shown in Figures 10c and 10d. The changes in pressure along the
forebody and LEX are apparently a tunnel-blockage effect. The surface pressure
coefficients are not affected by upstream Mach number in the free stream cases:
the static pressure coefficient distributions are identical for both free stream
Mach numbers. The exception is for 50° angle-of-attack with a free stream
Mach number of 0.2. A small degree of oscillation was observed in the static
pressures as the solution iterated. This may be due to some instability in the
top LEX vortex that the coarse grid is not capturing effectively. The top side of
the LEX is much more sensitive to tunnel walls than the underside of the LEX,

as angle-of-attack is changed.

When we examine wind tunnel effects, we can check the static pressures

along the walls for solid blockage and wake blockage effects [Ref. 15, 16]. Figure
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11 displays the surface static pressure coefﬁcients’ along the centerlines of the’
top, bottom and side walls of the tunnel. The top side corresponds to the model
canopy side wall, the bottom corresponds to the lower fusela.ge side wall a.nd the
side corresponds to the wall (tunnel ceiling) near the wing tip. One observation
that can be made from these pressure distributions is the downstream boundary
is too close to the model to allow the static pressure coefficient to reach an
asymptotic value. However, it appears the downstream asymptotic value will be
a significant non-zero value.

For 50° angle-of-attack, this value will be much more negative than the
30° value. These non-zero downstream pressure coefficients indicate the level
of wake blockage present in the tunnel which increases as the angle-of-attack
increases. For a given angle-of-attack, the levels appear to be insensitive to the
upstream Mach number. The effects of solid and wake blockage on drag can
be obtained using the pressure distributions as input to a method of images ap-
proach described in Reference 15. Since this analysis used many approximations,
the effects of solid and wake blockage were not quantified. Similar observations
can be made from the tunnel wall static-to-total pressure distributions shown in

Figure 12.

4.2 Inlet Duct Flow Field

This section, examines two aspects of the inlet duct flow ‘ﬁeld: 1) predicted
total pressure contours at the inlet entrance and exit; 2) predicted exit total
pressures contours are compared with experimental total pressure contours for

30° angle-of-attack and free-stream Mach Number of 0.2.

15



Total Pressure Contours

The inlet entrance total pressure contours for 30° angle-of-attack are shown
in Figure 13a and for 50° angle-of-attack in Figure 13b — as well as free stream
Mach numbers of 0.2 and 0.15. For all cases, the wind tunnel results indicate a
slightly larger region of cross-stream separation along the inside of the outboard
lip. The size of the separation is larger for Mach 0.15 than Mach 0.20 free stream
flow. As the Mach number increases, the capture streamtube stagnation point
moves from the outside of the lip toward the highlight, thus reducing the magni-
tude of the cross-stream separation. From previous calculations, not presented
in this report, the cross-stream separation is not present for free-stream Mach
numbers greater than 0.4. At this condition, the stagnation point of the capture
streamtube moves inside the lip. From a review of animated results using the
FAST program [Ref. 17)], this cross-stream separation region migrates towardé
the bottom of the duct as it moves downstream and is a significant contributor
to the total pressure distortions calculated at the compressor face.

Figure 14a shifts the focus from the inlet entrance to the compressor face.
The inlet compressor face total pressure contours are shown in Figure 14a for 30°
angle-of-attack and in Figure 14b for 50° angle-of-attack: results for upstream
Mach numbers of 0.2 and 0.15 are shown. The effect of the wind tunnel is to
slightly increase the size of the low total pressure region as compared to the
corresponding free stream case. Although the external flow field was affected

significantly, the inlet flow field appears relatively insensitive to the tunnel walls.
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Inlet Recovery and Distortion

A comparison of the predicted inlet recoveries and distortions for both Mach
numbers and angles-of-attack are shown in Table 1. The wind tunnel effect on
recovery appears to be small for all cases. The change in predicted recovery is
one-half percentage point for Mach 0.2 and one percentage point for Mach 0.15
upstream flows. For distortion, the change in Mach number appears to be more
significant at 30° angle-of-attack than for 50° angle-of-attack. This may be due
to the significant amount of distortion at 50° angle-of-attack overwhelming the
added effects of the wind tunnel. In addition, the effect. of the wind tunnel on
the inlet distortion values were much greater for the upstream Mach number of

0.15 than 0.20.

For the Mach 0.2, 30° angle-of-attack case, there data is available from a
19.2% scale model test [Ref. 18]. Figure 15 compares the computed free stream
case with time-averaged data and instantaneous data which reveals significant
discrepancies. This indicates that the flow is very unsteady. The NPARC3D
results compare more favorably with the instantaneous data than the time av-
eraged data. To simulate the time-averaged data, we need 1) a time accurate
" solution and 2) the average of the total pressure results obtained at the com-
pressor face for a suitable number of time steps. From previous experiments,
we know that these distortion patterns move in space and vary in strength with
time, so the time-averaged distortion pattern represents a “smeared” contour
pattern. The NPARC solution represents a steady state or asymptotic numeri-

cal solution and does not capture the unsteady nature of the flow field. However,
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the general distortion pattern does resemble the experimental pattern indicating
that the code has captured a significant amount of the overall physics (see Ref-
erence 12). The objective of this investigation is the changes predicted in inlet
performance due to the wind tunnel and not the absolute levels of performance.

From this perspective, the predictions should be reliable.

4.3 Numerical Issues

For such a complex problem, determining convergence is not a straightforward
task. Residuals are not very reliable since they tend to drop only three orders of
magnitude for complex viscous flows. Therefore, we follow the flow quantities of
interest as the solution iterates to determine when these quantities stop changing
or the changes per iteration become minimal.

Several quantities are presented for convergence criteria in the following
discussion. The calculated forces on the aircraft served as one measure of con-
vergence of the external flow field. The predicted lift and drag coefficients for
the free stream cases varied by less than one pércent as the solution iterated.
For the wind tunnel cases, the variation in lift and drag coefficients was less
than one-half percent. The exception was for both free stream and wind tunnel
cases at 50° angle-of-attack and an upstream Mach number of 0.2 where the
lift and drag coeficients varied by 2 percent. From examining the surface static
pressure diagrams as the solution iterated, not shown in this report, it appears
the pressures along the upper LEX exhibit a larger oscillation as the solution
iterates for Mach 0.2 and 50° angle-of-attack than for the other cases. This may

be due to some instability in the top LEX vortex that the coarse grid is not
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capturing effectively.

For the inlet duct flow, a measure of convergence is the inlet mass flow
rate changes as the solution iterated. All solutions obtained compressor face
corrected mass flow rates that varied by one percent or less as the solution
iterated. The maximum change in the flow rate at any computational station

within the inlet duct from the inlet entrance flow rate was 1.5 percent.
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5.0 Conclusions and Recommendations

The external flow calculations revealed that the tunnel walls had a significant in-
fluence on the external flow field. The surface static pressure distributions along
the fuselage and LEX changed significantly from the free stream cases when
the model was simulated in the tunnel. Similarly, the lift and drag coefficients

increased significantly from the corresponding free stream cases.

The actual inlet flow for the conditions examined was very unsteady. A time
accurate solution may be required to simulate the time averaged total pressure
contours presented in the experimental results. Howevef, previous studies indi-
cate that the simulation has captured the major flow phenomena. Although the
absolute values of some computational results may differ from data, the effects
of changes in free stream conditions, such as the inclusion of the tunnel walls

can be reliably predicted.

Although the tunnel walls significantly affected the external flow field, inlet
duct performance was much less affected. The inlet recovery for the wind tunnel
model decreased less than one percentage point from the recoveries predicted for
free stream conditions. The inlet total pressure distortions at the compressor
face increased up to three percentage points from similar free stream conditions.
The effects of the tunnel were more pronounced as the upstream Mach number

decreased.

From the results obtained in this study it appears that although wind tunnel
blockage effects are significant on the external flow field , useful inlet performance

data can be obtained that can then be related back to flight data.
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My = 0.15,a = 30°
Model 146.7 91.5 24.4
Tunnel 145.7 90.6 27.2
M, =0.2,a =50°
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Tunnel 144.2 88.3 30.8
M, = 0.15,a = 50°
Model 143.9 89.2 30.2
Tunnel 144 .4 88.2 319
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Fig. 2 — F/A-18A Grid Block Structure
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Fig. 4b — Wind Tunnel Block Structure, o = 50°
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